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Abstract

The Bowen ratio surface energy balance method is a relatively simple method to deter-
mine the latent heat flux and the actual land surface evaporation. Despite its simplicity,
the Bowen ratio method is generally considered to be unreliable due to the use of two-
level sensors that are installed by default in operational Bowen ratio systems. In this
paper we present the concept of a new measurement methodology to estimate the
Bowen ratio from high resolution vertical dry and wet bulb temperature profiles. A short
field experiment with Distributed Temperature Sensing (DTS) in a fibre optic cable hav-
ing 13 levels was undertaken. A dry and a wetted section of a fibre optic cable were
suspended on a 6 m high tower installed over a sugar beet trial near Pietermaritzburg
(South Africa). Using the DTS cable as a psychrometer, a near continuous observation
of vapour pressure and temperature at 0.20 m intervals was established. These data
allows the computation of the Bowen ratio with a high precision. By linking the Bowen
ratio to net radiation and soil heat flux, the daytime latent heat flux was estimated. The
latent heat flux derived from DTS-based Bowen ratio (BR-DTS) showed consistent
agreement (correlation coefficients between 0.97 and 0.98) with results derived from
eddy covariance, surface layer scintilometer and surface renewal techniques. The la-
tent heat from BR-DTS overestimated the latent heat derived with the eddy covariance
by 4 % and the latent heat derived with the surface layer scintillometer by 8 %. Through
this research, a new window is opened to engage on simplified, inexpensive and easy
to interpret in situ measurement techniques for measuring evaporation.

1 Introduction

Evaporation is — after rainfall — the most important term of the hydrological water bal-
ance. Evaporation is also a major term of the land surface energy balance, i.e. the
latent heat flux. Knowledge on the consumptive use of water is key for water scarce
areas, and consumptive use exists mainly of evaporation (Perry, 2007). An accurate
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estimation of the actual evaporation can among others be used for hydrological stud-
ies, environmental studies, irrigation studies, climate change studies, water accounting
studies and solving international conflicts on the verification of water use. It is often
difficult and costly to estimate the actual evaporation above land surfaces in an ac-
curate and affordable manner. Therefore, actual evaporation is often estimated using
numerical simulation of hydrological processes (e.g. Schoups et al., 2008; Uhlenbrook
et al., 2004), Soil-Vegetation-Atmosphere-Transfer processes (e.g. Sellers et al., 1986;
Wipfler et al., 2011) and remote sensing algorithms (e.g. Bastiaanssen et al., 2012;
Courault et al., 2005; Kalma et al., 2008). Models, however, often require ground mea-
surements for calibration (Xing et al., 2008). Winsemius et al. (2008) demonstrated
that calibration of hydrological models can also be achieved with spatially distributed
evaporation data.

There are simple and more advanced techniques available for in situ measurements
of evaporation, each with a different theory, degree of complexity, a certain budget for
operationalising the system and expertise to interpret the raw data. Review papers on
lysimeters, soil water balances, the Bowen ratio method, eddy co-variances, scintil-
lometers and surface renewal techniques are provided by Burt et al. (2005); Dugas
et al. (1991); Malek and Bingham (1993); Mauder et al. (2013); Rana and Katerjib
(2000); Teixeira and Bastiaanssen (2010), among others. There is a large difference in
accuracy between the various methodologies. By absence of a standard technology,
it remains necessary to continue the research and development on new solutions to
find simple and affordable methodologies to measure evaporation under actual field
conditions. The current paper is an example of that, and wishes to prove that in con-
cept the measurement method described can yield results comparable to conventional
methods, and can even be a valuable addition or improvement to existing methods.

The conventional Bowen ratio surface energy balance methodology (BR) is a rela-
tively simple technique that integrates net available energy with the ratio of the sensible
and latent heat flux (Bowen, 1926). Combination of the Bowen ratio with net radiation
(R,,) and soil heat flux (G) makes it feasible to determine latent heat fluxes. Examples of
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BR can be found in for instance Aston (1985); Black and McNaughton (2012); Jara et al.
(1998); Peacock and Hess (2004); Savage et al. (2009b) and Teixeira et al. (2007). The
BR method is often derived from two level air temperature and water vapour pressure
sensors. Using two levels generates a major drawback of the BR methodology: the
determination of BR is not free from errors related to sensor inaccuracies (e.g. Angus
and Watts, 1984; Fritschen and Qian, 1990; Fuchs and Tanner, 1970).

A disadvantage of the BR method is that there is a sensitivity to the biases of two
separate sensors which measure gradients of air temperature and vapour pressure
(Perez et al., 1999; Savage et al., 1997). In addition, there is the possibility of dis-
continuous data when the Bowen ratio approaches —1, as this leads to infinity for the
available energy during post processing of the results (Savage et al., 2009b), but this
is a minor aspect.

In this paper we present an alternative method to measure the Bowen ratio with a
strongly improved accuracy referred to as the BR-DTS method. This method deter-
mines the temperature and vapour pressure gradients using a Distributed Temperature
Sensing (DTS) methodology. With the DTS technique (Selker et al., 2006; Tyler et al.,
2009) temperature measurements with a high temporal and spatial resolution are ob-
tained using one sensor, a fibre optic cable. Vertical high resolution air temperature
and vapour pressure profiles are obtained with a spatial resolution of 0.2 m across a
total height of 4.5m. This eliminates the major shortcoming of the conventional BR
method with separate sensors on 2 levels. The DTS technique is more and more ap-
plied in different research fields, showing the potential of the technique (Hoes et al.,
2009; Krzeminska et al., 2011; Steele-Dunne et al., 2010; Westhoff et al., 2010).

The aim of this study was to verify whether the concept of the BR-DTS method
can be used to estimate an accurate Bowen ratio number. A limited period has been
selected to undertake a first investigation. The results are compared with conventional
in situ measurement techniques. The advantages and disadvantages of this new BR-
DTS technique are discussed.

7164

Jadedq uoissnosiq | Jadeq uoissnosigq |  Jadeq uoissnosiqg | Jaded uoissnosig

HESSD
10, 7161-7196, 2013

Bowen ratio with
DTS

T. Euser et al.

; III “II


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/10/7161/2013/hessd-10-7161-2013-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/10/7161/2013/hessd-10-7161-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

2 Study area

The field measurements with the BR-DTS technology were performed on a sugar beet
trial field located at the Ukulinga research farm of the University of KwaZulu-Natal,
Pietermaritzburg (South Africa). This field was used by the University of KwaZulu-Natal
for an experiment with bio fuels. The field is located at 40°40'22" S, and 30°24'25" E
and the land has a gentle slope (< 5 %) (see Fig. 1). The size of the site is 80 x 80 m?
and the elevation is 780 ma.m.s.l. The crop height of the sugar beet during the experi-
ment was about 0.5 m and the crops were irrigated with drip irrigation once a week.

The BR-DTS system (Fig. 1) was installed on a lattice mast orientated so that the
longest fetch corresponded to the dominant wind direction, which is from southeast.
This site was selected because of an on-going micro-meteorological field experiment of
the University of KwaZulu-Natal in the same field. Measurements were conducted from
9 November 2011 (00:00LT) to 18 November 2011 (14:00LT). Due to power supply
failures, the data collection between 11 and 14 November are incomplete.

The latent heat flux estimated from the BR-DTS system were compared with the
flux results from three conventional techniques. The conventional measurements are
referred to as eddy covariance (EC), surface layer scintillometer (SLS) and surface
renewal (SR). The advantage of the scintillometer method, is that it is able to measure
the area-integrated sensible heat flux across a transect, thereby representing a better
field average value of the sensible heat flux (e.g. Meijninger and de Bruin, 2000).

7165

Jadeq uoissnosiq | Jeded uoissnosiq | Jadeq uoissnosig | Jeded uoissnosiq

HESSD
10, 7161-7196, 2013

Bowen ratio with
DTS

T. Euser et al.

; III “II


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/10/7161/2013/hessd-10-7161-2013-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/10/7161/2013/hessd-10-7161-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

3 Materials and methods
3.1 BR-DTS method
3.1.1 Theory

The BR method relies on several assumptions (Angus and Watts, 1984; Fritschen and
Simpson, 1989; Gavilan and Berengena, 2007; Spittlehouse and Black, 1980). One
basic assumption is that the fluxes are one-dimensional only, with no horizontal gradi-
ents, and that measurement sensors are located within the equilibrium sub-layer, where
fluxes are constant with height (e.g. Dyer and Hicks, 1970). It is further assumed that
the land surface exists of a homogeneous surface with respect to sources and sinks of
heat, water vapour and momentum. The turbulent exchange coefficients for heat and
water vapour are assumed to be identical, hence equal surface roughness lengths for
heat and water vapour, and identical correction functions for buoyancy (Todd et al.,
2000). Under these prevailing conditions, the Bowen ratio can be determined from
differences of actual air temperature (AT,) and actual vapour pressure (Ae,) over a
vertical air column (Bowen, 1926):

H AT,

14

’B=E= Ae,

(1)

where y is the psychrometric constant. For an elevation of 780 m a.m.s.I., the constant
is 0.059kPa°C™" (Maidment, 1993). The actual vapour pressure can be determined
from dry and wet bulb measurements applying the principle of a psychrometer (Allen
et al., 1998). The equation for actual vapour pressure reads as:

€a=6s-Vv(,-T,) (2)

where, T,, is the temperature of a wetted and vented surface (e.g. sphere), often re-
ferred to as the wet bulb temperature (°C), e, the saturated vapour pressure (kPa), and
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e, is the actual vapour pressure (kPa). The saturated vapour pressure g4 follows from
T, as (Allen et al., 1998):

17.3 Ty

e, = 0.61e%7+7w, (3)

Combination of Egs. (1) and (2) and application to a vertical air column, with obser-
vations at two heights referred to in the subscripts, after re-expression yields:

7-::12 — Ta
ﬁ = 'y . . . (4)
(es2 = €s1) =V (Tap = Tat) +V (Twz = Tw1)

Or in general:

AT,
Aeg - YAT, + YAT,,’

B=yvy (5)

Equation (5) shows that the gradient of air temperature is the key for an accurate de-
termination of the Bowen ratio, and that the absolute values are less important. There-
fore, the differences between multiple sensors should be warranted. This remark does
not hold true for Aeg, because the saturation vapour pressure is in the formula of Eq. (5)
derived from the wet bulb temperatures, and the relation between the wet bulb temper-
ature and corresponding saturation vapour pressure (Eq. 3) is strongly non-linear. The
consequence of this non-linearity is that, when for two points the wet bulb tempera-
tures are equally off and hence the gradient AT,, remains the same, the gradient Aeg
can still be erroneous. Hence, the observed wet bulb temperature must approximate
the real wet bulb temperature. By having the vertical gradients from multiple levels, the
Bowen ratio can be determined far more accurate than for the situation where separate
sensors on 2 levels are involved.
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After inclusion of knowledge on the H/LE flux ratio in the energy balance equation,
the latent and sensible heat flux (Eqgs. 6 and 7) can be calculated directly (e.g. Aston,
1985; Fritschen, 1965; Perez et al., 1999):

R, -G

LE=1+IB (6)
B (R, - G)

He—=v5 7)

where LE is the latent heat flux (Wm‘2), R, is the net radiation (Wm‘2), H is the sensi-
ble heat flux (Wm™2), and G is the soil heat flux (Wm™2).

3.1.2 DTS experimental set-up

The temperature distribution along a fibre optic cable is measured with the Distributed
Temperature Sensing (DTS) technique. The DTS measurement device consists of two
main elements: (1) a computer equipped with a laser transmitter and receiver and
(2) a fibre optic cable. The computer transmits short laser pulses and receives the
reflected frequencies. One of these reflected frequencies has a temperature dependent
amplitude (Selker et al., 2006). From the travel time of laser light in the fibre optic cable,
the origin (i.e. position along the cable) of the reflected signal can be deduced as well
as the corresponding temperature. The observed temperature is an average over a
cable segment. The segment length, and therefore the spatial resolution, depends on
the interval time of the laser pulse. For this field campaign the ORYX laser pulse of
Sensornet was used with a spatial resolution of 1 m along the cable (Sen, 2009). For the
measurements a data collection time of 5 min was used resulting in an accuracy higher
than 0.05 °C (Sen, 2009). For the sake of comparison with the other flux measurement
devices, Bowen ratio values from BR-DTS values were averaged over 30 min. More
background information on the DTS technology can be found in Selker et al. (2006)
and Tyler et al. (2009).
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The temperature measurements along the cable are subjected to a calibration pro-
cess (Selker et al., 2006). To perform an on-line calibration process, two segments of
the cable with a certain distance apart were placed in the same water-filled calibration
tank for the total duration of the measuring period. The temperature of the water in the
tank was measured continuously and the slope and offset coefficients for the calibration
were determined every 5min.

For the BR-DTS system, two parts of the same fibre optic cable were suspended
from a 6 m high lattice mast. These parts of the cable were spiralled to obtain a vertical
resolution of 0.2 m of temperature observation along the axis of the spiral. One of the
spirals was dry and the other was kept wet with a cotton wrap around the cable. The
dry and wet bulb temperatures in the air column were obtained from the dry and wet
cables respectively. Water was supplied continuously to the wet cable at two locations
(at the top of the spiral and half way) (see Fig. 2).

The largest part of the 235m of cable, used for this field campaign, ran over the
ground from the computer to the lattice mast. A distance of 15m of cable was perma-
nently placed in the calibration tank, ahead of the 30 m spiralled cable that ran from
the bottom to the top of the mast. From there the DTS cable went down comprising the
next 30 m wrapped and wetted cable. The last 15m of the cable remained in the same
calibration tank. To determine the exact position of the bottom of each spiralled cable,
parts of the cable at the bottom were temporary immersed into an ice bath. The bottom
line of this experimental set up is that the BR-DTS tower was 6 m tall and that dry bulb
and wet bulb temperatures were measured with a vertical interval of 0.2m from the
ground surface to a height of 5.25 m.

3.1.3 Processing of data

The temperatures of the dry spiral were used to determine the gradients for air temper-
ature (AT,, °C). Although a white cable was used, the temperature of the dry spiralled
cable might deviate from the actual air temperature due to exposure to direct sunlight.
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This is acceptable for a Bowen ratio as long as the gradients do not deviate from reality
(see Sect. 3.1.1).

The wet bulb temperature is derived from the wetted cable. In order to conclude how
well the actual wet bulb temperature is measured under these specific circumstances,
we have conducted tests in a separate laboratory set-up after the field experiment.
In the laboratory set-up we continuously wetted a 1 m cotton cloth from the top. We
observed the temperature of the water when applied at the top and the temperature
of the water when dripping down the cloth at three locations. With a fan we artificially
created air circulation, measured wind speeds and also air temperature. Applying the
psychrometer theory on these measurements and comparing it with the actual humidity
in the laboratory provides an indication at which point of the cable the actual wet bulb
temperature is achieved. The laboratory set-up showed that the amount of water sup-
plied is crucial and at least some wind is required. Evidently, sufficient water is required
to establish evaporation to achieve a wet bulb temperature. However, too much supply
of water lengthens the adjustment distance. In our laboratory test set-up, we found an
adjustment distance of approximately 0.5—1.0 m. In the laboratory the air temperature
and relative humidity were constantly kept at 20°C and 70 % respectively. The water
supplied in the laboratory had a temperature of 5°C higher than the wet bulb tem-
perature. We determined that in the laboratory a minimum wind speed of 1 ms~' was
required to obtain the wet bulb temperature that is in equilibrium with the surrounding
environment.

Examining the temperature observations of the spiralled wet cable in the field clearly
indicated the locations where water was released for permanent saturation of the cotton
(Fig. 3). In Fig. 3 all sections are indicated that were excluded for the gradient analysis.
Ideally the measuring points would be located on a logarithmic profile. A logarithmic
profile (dotted line in Fig. 3) is fitted on two points on which the influence of the support
or water supplying system is assumed to be limited (red circles in Fig. 3). Comparison
with the logarithmic profiles shows that certain observation points fit very well, while
others show a large deviation. There are different reasons for exclusion of data points.
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The top 0.75m was influenced by the supporting installation and the bottom 1 m was
strongly influenced by the canopy of the sugar beet crop, and therefore, did not mea-
sure the temperatures above the crop. Points in the middle section (2.4-3.4m) and at
the top (4.6-5.25m) are excluded due to the water supply. This can be explained by
the distance needed for the temperature of the wet cotton to become in equilibrium with
the ambient conditions. The adjustment distance for the field experiment appeared to
be longer than expected on the basis of the laboratory test, this can be explained by
warmer water that was supplied to the cotton in the field experiment. In addition, more
water was supplied as compared to the laboratory set up. Larger amounts of water
were required for the sake of wetting the entire cable segment. Based on this we ex-
cluded 1 m of the middle section (5 data points) and 0.65m at the top (3 data points).
A total of 13 data levels in the vertical profile were used to determine the Bowen ratio.
The Bowen ratio for BR-DTS and the corresponding correlation coefficient were de-
termined through a linear regression between the dry cable temperature and vapour
pressure, every 30 min for the same 13 data points (Fig. 4). The advantage of using
13 data points instead of two is that more stable Bowen ratio values can be obtained.

3.2 Reference techniques

BR-DTS, eddy covariance (EC), surface layer scintillometer (SLS) and surface renewal
(SR) measurements took place coincidently. These techniques all measured the sensi-
ble heat flux (H). In addition, the EC equipment also measured directly the latent heat
flux (LE). Therefore, we distinguish between EC-direct (LEgc) and EC-indirect (LEggg).

As the frequency of measurement for all the aforementioned techniques was differ-
ent, all data were converted to 30 min intervals for comparison.

3.2.1 Eddy covariance (EC)

Two different eddy covariance systems, a Campbell Scientific EC150 system and an
Applied Technologies sonic anemometer had been installed to obtain fluxes of water
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vapour, carbon dioxide, and sensible heat above the sugar beet canopy. Both systems
were mounted on a lattice mast at 2.0 and 1.5 m above the ground surface, respectively.
The EC150 system consisted of a CR3000 datalogger, a CSAT3 three-dimensional
sonic anemometer (Campbell Scientific Inc., Logan, Utah, USA), an EC150 open path
gas analyser and a HMP45C temperature and humidity probe. The Applied Technolo-
gies system was used to obtain H from the sonic temperature and LE from the short-
ened energy balance equation with ancillary measurements of R, and G (Sect. 3.3).

3.2.2 Surface layer scintillometer (SLS)

A dual-beam surface layer scintillometer (Scintec model SLS40-A) was used to mea-
sure the sensible heat flux density every 2 min. The scintillometer’s transmitter and re-
ceiver were positioned at a height of 1.5 m above the soil surface (thus 0.5 m above the
canopy) and the path length between the receiver and transmitter units was 90 m. The
SLS operates at a wavelength of 670 nm. The SLS40-A employs a diode laser source
with an output wavelength of 670 nm and 1 mW (2 mW peak) mean output power. The
beam displacement and detector separation distances are 2.5 mm each with a detec-
tor diameter of 2.7 mm. Measurements are obtained with a frequency of 1kHz and
subsequent several micrometeorological parameters are calculated, among others the
sensible heat flux H.

3.2.3 Surface renewal (SR)

For the surface renewal method, one unshielded type-E fine-wire thermocouple (75 um
diameter) was used to measure air temperature fluctuations. It was placed at a height
of 1.0m above the soil surface. Thermocouple measurement was done differentially
and air temperature data was sampled at a frequency of 10 Hz. Time lags of 0.40 and
0.80 s were used for the surface renewal analysis before forming the second, third and
fifth order of air temperature structure function values as required by the Atta (1977)
approach. Data were averaged every two minutes.
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3.3 Net radiation and soil heat flux

Application of the BR-DTS method requires the measurement of net radiation and soil
heat flux. Net radiation was measured on two locations approximately 10 m apart using
a NR-LITE net radiometer (Kipp and Zonen, Delft, The Netherlands). Both were located
at 1 m above the ground surface and situated within a 20m radius of the BR-DTS
experimental set up. For the data processing the average of both sensors is used.

The soil heat flux was measured using two soil heat flux plates (HFT-S, REBS, Seat-
tle, WA) which were placed at a depth of 80 mm below the soil surface. One was placed
close to the BR-DTS set up in between the crops and the other was placed at the edge
of the field under the crops. In addition, a system of parallel thermocouples at depths
of 20 and 60 mm were used for measuring the soil heat stored above the soil heat
flux plates. The volumetric soil water content in the first 60 mm was measured using
a CS615 time domain reflectometer (TDR). This equipment was located 10 m away
from the BR-DTS set-up, in between the sugar beet plants. The records of soil mois-
ture were used to determine the soil heat capacity which was central for heat storage
calculations. The data from both measuring locations were averaged during the data
processing.

4 Results and discussion

The results presented in this section focus on the DTS measurements, as the quality
assessment of these measurements is the aim of this paper. First, the meteorological
conditions are presented. Second, the results of BR-DTS are compared with the other
techniques, followed by a comparison of BR-DTS applying 13 data points and 2 data
points to investigate the advantage of using high spatial resolution dry and wet bulb
temperature measurements.
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4.1 Meteorological conditions

Although the measurement period was short, measurements were performed under dif-
ferent meteorological conditions. There were cloudless sunny days (9 and 16 Novem-
ber), a full day with overcast conditions (10 November) and partly cloudy days (17 and
18 November). Net radiation around noon varied between 100 and 700 Wm™2. Wind
direction varied during all days, but was mainly between south and south-east. Wind
speed varied between 0 and 4 ms™" during the measurement period, with wind speed
being the highest during the afternoon for most of the days. On all of the considered
days wind speed increased around sunrise. The lowest daytime averaged tempera-
ture was measured on 10 November and was 16°C. The highest daytime averaged
temperature was measured on 16 November and was 24 °C (see also Fig. 5).

4.2 How well did the BR-DTS perform?

Figure 6 shows the calculated Bowen ratio values for the experimental days, together
with the correlation coefficients (RZ) at each 30 min interval derived from determining
the Bowen ratio value based on the 13 measurement points (as explained in Sect. 3.1.3
and Fig. 4). High R? values indicate a linear relation for temperature and vapour pres-
sure over the air column. High R? values can be seen during the day, with occasionally
low values, which can be explained by the negative influence of wind direction and wind
speed for our set-up (see Figs. 8 and 9).

Figure 7 shows the comparison of latent heat obtained with the BR-DTS and with the
reference techniques. The LEggg, LEg g and LEgg were derived as a residual of the
surface energy balance equation. There was very good agreement between the BR-
DTS and EC-indirect, SLS and SR latent heat flux estimates (see Table 1). The regres-
sion coefficient of BR-DTS with data from all three methods is 0.97 and the slope of the
trend line is 0.92 which implies that BR-DTS overestimates the latent heat consistently
by 8 %. All three techniques are widely accepted for estimating actual evaporation in
South Africa (Clulow et al., 2012; Mengistu and Savage, 2010; Odhiambo and Savage,
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2009; Savage, 2009a), and a marginal error of 10 % lies within the uncertainty enve-
lope of these techniques (Twine et al., 2000). Instrumental errors and energy balance
closure problems are often incorporated in the measurement records. Hence, it can be
concluded that BR-DTS estimates for actual evaporation are credible.

However, the BR-DTS latent heat flux estimates did not compare well with the directly
measured latent heat flux using the Infrared gas analyser of the EC technique. This is
an indication that this direct measured latent heat flux from the EC technique are less
reliable. Fritschen et al. (1992) already showed that the errors in the direct measured
latent heat flux determined with an eddy covariance system were often larger than the
errors in the sensible heat flux. Teixeira and Bastiaanssen (2010) showed that large
corrections of LEg¢ are required. Therefore we only show results from the EC-indirect
method in the remaining analyses.

The latent heat flux estimates presented in Fig. 7 only show the days when wind
direction in combination with wind speed did not cause improper measurement condi-
tions. During strong north easterly wind conditions (winds between 350 and 35° and
with a wind speed above 0.75 ms_1), the wind blew surplus water from the wet cable
onto the dry cable, which was under these conditions located downwind from the wet
cable, and affected the measurements. A shelter needs to be developed in the future
version of the DTS tower to prevent this process.

Figure 8 shows a comparison of the latent heat flux estimates, from 9 to 18 Novem-
ber, excluding measurements on 9 November and during the night of 10 Novem-
ber, when EC measurements were interrupted and from 11 November 13:00 LT till
14 November 12:00LT, when DTS measurements were interrupted. From outliers of
the regression line it was deduced that improper measurement conditions occurred
with winds between 350 and 35° and wind speeds above 0.75 ms~'. The time periods
with strong north easterly winds are indicated with open circles (Fig. 8). The relative
error ((LEgr.pts — LEseg)/LEgeg) for varying wind speeds also shows the influence of
wind speed and direction on increasing the error in the BR-DTS (Fig. 9).
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4.3 Comparison of Bowen ratio for 2 and 13 data points

In this section we compare the Bowen ratio values derived from 13 levels (BR-DTS)
with the Bowen ratio values derived from 2 levels. In case of two measuring levels, the
height of the lower level measurements commonly in the international literature is 0.3 m
(Fuchs and Tanner, 1970), 0.0 to 0.6 m (Dugas et al., 1991) and 1.5m above canopy
height (Nagler et al., 2005). Higher levels are typically found at and 1.0m (Fuchs and
Tanner, 1970), 1.0 to 1.6 m (Dugas et al., 1991) and 2.5m (Nagler et al., 2005). Fol-
lowing this range, we consider 0.5 and 1.5 m above the canopy height for the two data
point case. The results are presented in Fig. 10. It should be noted again that this was
done on the basis of DTS results, hence only evaluating the advantage of the high
resolution vertical temperature profile on the Bowen ratio value.

For the days analysed (day time only and excluding periods of strong north easterly
winds) we noticed a stronger temporal variation of the Bowen ratio values based on
2 points (dashed line) compared to Bowen ratio values based on 13 points (continuous
line), often at sunset when the Bowen ratio was indeterminate. This was confirmed by
comparing the standard deviations of the Bowen ratio values. Daily standard deviations
for 2 and 13 data points are shown in Table 2, it can be seen that the standard deviation
is on average 14 % lower when using 13 data points, thus resulting in more constant
results and less outliers. While the data set is only based on five days of measure-
ment, it clearly shows that the temporal variation of Bowen ratio measurements with
the BR-DTS can be significantly improved, which places the estimation of latent heat
from Bowen ratio values back on the list of affordable and accurate field measurement
techniques.

Figure 10 also shows the relative error of the Bowen ratio values determined with 2
points in relation to the Bowen ratio determined with 13 points ((Bopts = B1apts)/ B13pts)-
The error is especially high during sunset and sun rise, but also during daytime the error
can be incidentally higher. This supports the concept of using more observation points,
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as is the case with the BR-DTS method, rather than two, to prevent non necessary
outliers.

5 Conclusions and recommendations

The main aim of this research was to verify whether the conceptof BR-DTS mea-
surements with a fibre optic cable can measure the energy balance partitioning, and
whether it can be an improvement as compared to conventional two level Bowen ratio
measurements.

The results presented above are based on a short measuring campaign, so for a
more thorough testing of this method, a longer measuring campaign should be per-
formed. However, from these results still some conclusions can be drawn. The com-
parison with well-established techniques for estimating latent heat flux showed that
BR-DTS has a deviation of 4 % with hourly Eddy covariance, 8 % with the surface layer
scintillometer (SLS) and 8 % with hourly surface renewal (SR) techniques. This is within
the uncertainty envelope related to these existing technologies (Twine et al., 2000),
thus the BR-DTS can give acceptable results. In addition the BR-DTS shows very
consistent correlation with the three other techniques (correlation coefficients of 0.97
and 0.98), so all techniques give comparable results under different circumstances.

The BR-DTS method is less sensitive for measurement errors as one and the same
sensor (the fibre optic cable) is used and, secondly, it showed a less spurious be-
haviour of the Bowen ratio values, as these can be established on the basis of more
than two observation points. Table 3 shows an overview of the main advantages and
disadvantages of determining latent heat with BR-DTS.

From the operational point also a number of conclusions can be drawn. Due care
should be performed in wetting the cotton wrapped cable in order to obtain the real
“wet bulb” temperature and at the same time not influencing the measurements of the
dry cable. In our set-up strong north easterly winds exacerbated the influence on the
dry cable. The water supply was connected to a high pressure irrigation system. This
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resulted in a large amount of water being supplied to the wetted cable. Fine tuning
of the water flow was difficult to achieve manually, and this needs to be automated in
the future. The dry bulb temperature should not be affected by the neighbouring wet
cable. Options to achieve this are a larger distance between the dry and wet cable, or
by making sure the dry cable is always upwind of the wet cable.

Furthermore, an advantage of the BR method with reliable information of vertical
air temperature gradients, is the opportunity to combine this with a wind speed pro-
file. From a vertical wind speed profile the friction velocity ux and consequently the
sensible heat H can be derived (Qiu et al., 1998; Brutsaert, 2005). Together with the
Bowen ratio, H/LE, this delivers the latent heat LE and bypasses the need to deter-
mine the net available energy R,, — G. Alternatively, measurement of the Bowen ratio
and u" becomes a method to determine the net available energy, as R, -G = H + LE.
Hence, adding simple measurements of u* will create the opportunity to measure all
key components of the surface energy balance.

Having demonstrated that the concept of BR-DTS can work, we see wider applica-
tions, for example for determining evaporation under and above the canopy. In addition,
BR-DTS can also be used to investigate the spatial distribution of actual evaporation
and become a ground measurement to validate remote sensed evaporation.

Prices of laser analysing equipment rapidly decreased over the last years. Hence,
the costs of the DTS equipment in the coming years. The fact that nowadays DTS
equipment exists with 0.2m resolution demonstrates the rapid development and in-
terest in the technique. This specific development would no longer require the use of
spiralled cables for the BR-DTS technique and would already simplify the experimental
setup of the BR-DTS technique.
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Table 1. Results of the regression analysis for all methods separately and for the combination
of EC-indirect, SLS and SR (combined). Data used from 9, 10, 17, 18 November. The linear

regression is forced through (0, 0).

Slope R? of
linear linear
regression regression
(=) (-)
ECyirect 0.37 0.15
EC 0.96 0.98
SLS 0.92 0.96
SR 0.92 0.97
Combined 0.92 0.97
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Table 2. Standard deviation of Bowen ratio values based on two points and Bowen ratio values g
based on 13 points. The last column shows the decrease in standard deviation between the g-
two. A decrease in standard deviation means less spurious results. % _
QO
Date Std deviation  Std deviation Improvement ?2 - -
9 November 0.23 0.22 4%
10 November 0.28 0.26 8% 2 | Tabes  Figues
16 November 0.24 0.21 10% 2
17 November 0.15 0.09 37% - S e
18 November 0.09 0.06 29% S
5
Averaged 0.20 0.17 14 % = - -
o i ﬁ
O
(7]
- I
(=
(7]
(7]
- RS
5
—
QO
= Ot
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Table 3. Overview of the main advantages and disadvantages of determining latent heat with

BR-DTS.

Advantages

Disadvantages

Closure of the energy budget guaranteed

Cheap methodology, especially in the near
future when prizes are expected to decrease
for the equipment

Data is simple to interpret

Potential opportunity to measure soil evapo-
ration and canopy evaporation separately
Potential to map absolute fluxes of sensible
and latent heat if friction velocity (u*) can be
estimated with an accurate method

The water supply needs to be refined, and
methods for that need to be developed

By absence of a shelter, the wet cable af-
fects the dry cable if certain upwind direc-
tions prevail

The latent heat is slightly overestimated
(8%), although this is a soft comparison

A sulfficient fetch is required for good mea-
surement results
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Fig. 1. Location of the Ukulinga research farm. The blue dot indicates the location of the exper-
imental setup for the BR-DTS, EC and SR measurement systems. The blue triangles indicate
the position of the transmitter and receiver of the SLS.
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Fig. 2. Experimental setup for BR-DTS at Ukulinga Research Farm. Top panel: picture of setup
in the field. Bottom panel: schematic overview of the setup.
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Fig. 3. Temperature profiles for 17 November 2012 at 12:00 h (for the period 11:45-12:15LT).

The grey bars indicate excluded data points (“+

= wet cable, “x” =dry cable). The dotted line

shows a logarithmic profile, which is fitted to the data points |nd|cated with a red circle.
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Fig. 4. Example of calculation of a Bowen ratio: each dot represents a measurement in the
vertical for 17 November 2011 at 12:00 h (for the period 11:45-12:15LT); only the data points
derived in Fig. 3 are used in this figure. The Bowen ratio was calculated by multiplying the slope
of the trend line by the psychrometric constant (0.059 kPa°C™"), as described by Eq. (1).
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Fig. 5. Meteorological conditions and energy fluxes for the days used in the data analysis. Top
panel: wind speed, middle panel: wind direction, bottom panel: net radiation, soil heat flux and
air temperature at 2 m height (green = net radiation, red = soil heat flux, black = temperature).
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Fig. 6. Top panel: R? value for calculating the Bowen ratio from 13 data points of 7, and e,
between 1 and 4.6 m (Fig. 4). Bottom panel: half hourly Bowen ratio values for the 13 data
points. The vertical red lines show the moments of sun rise and sun set, the grey bar on
16 November shows a period with strong north easterly winds.
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Fig. 7. Comparison of the half hourly latent heat flux estimates of BR-DTS with reference
techniques. Data used from 9, 10, 17 and 18 November, both day and night time values are

presented.
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Fig. 9. The relative error of the latent heat from BR-DTS in respect to LEggg for varying wind
speed. Values for a measured wind speed of 0 ms~" are not shown, as the direction cannot be

determined.
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Fig. 10. Top panel: relative error of the Bowen ratio determined with 2 data points in relation
to the Bowen ratio determined with 13 points ((Bopts — B13pts)/ B1apts) Bottom panel: Bowen ratio
values, the solid line shows the Bowen ratio for the 13 data points between 1 and 4.6 m; the dot-
ted line shows the Bowen ratio for only two measuring points (at 1 and 2 m above the ground).
The vertical red lines show the moments of sun rise and sun set, the grey bar on 16 November
shows a period with strong north easterly winds.
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